Self-contained self-rescuers (SCSRs) are the most effective respiratory equipment in an oxygen-deficient or toxic atmosphere. SCSRs are classified as closedcircuit breathing apparatus because the user's exhaled air is rebreathed after exhaled carbon dioxide is removed by a chemical agent and the oxygen content is augmented from a stored supply in compressed or chemical form. Due to the necessary components, closed-circuit apparatuses involve some inevitable physiological stressors including breathing resistance 1) . Many authors have investigated the effect of breathing resistance on the human body and it has been demonstrated that breathing resistance tends to decrease ventilation rate during exercise, reduce maximum work performance, and so on [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Most of these previous studies have been conducted while the subjects were breathing ambient air. But, considering the nature of SCSRs, the combined effects with increased inhaled carbon dioxide, another common stressor, should be considered. High inhaled carbon dioxide levels tend to increase ventilation rate, thus increasing the effect of breathing resistance since a greater air volume creates higher pressure. The purpose of this study was to investigate the effect of breathing resistance on the human body during steady state exercise while inhaling 3% carbon dioxide, and to evaluate the appropriateness of SCSR criteria in the JIS 12) .
Methods
Eight male subjects who were research officers ranging in age from 26 to 45 yr volunteered to participate in the tests with knowledge of the possible risks related to the tests. Their average height was 172 cm and average weight was 73 kg. Figure 1 is a schematic diagram of the system which continuously measured the subject's ventilation rate, oxygen uptake rate, carbon dioxide output rate, and endtidal oxygen and carbon dioxide concentrations in a breath-by-breath manner. The subjects wore a half-mask, inhaling from a conditioning chamber through an inhalation tube. A blower delivered ambient air to the chamber where the carbon dioxide and oxygen were mixed if needed for a particular condition. Exhaled gas went through the exhalation tube to a mixing chamber. Gas analyzers measured the amount of oxygen and carbon dioxide in the gases in the conditioning chamber, the exhalation tube and the mixing chamber. The analyzers were calibrated with precision-analyzed gas mixtures before and after each test. A pneumotachometer measured the volume of the gas flow in the inhalation tube, and a pressure gage measured the pressure level inside the mask. All of the instrument signals are sent to a personal computer and used for calculation of physiological data after correcting the errors caused by differences in ambient temperature, pressure and humidity. The accuracy of these data was evaluated with a lung simulator and compared with the Douglas bag method. The errors in measured data were determined to be within 2%.
There were orifices in the inhalation and exhalation tubes to produce breathing resistance. The pressure levels inside the mask with and without orifices were 73 ~ +74 and 16 ~ +15 mmH 2 O, respectively, measured with a lung simulator at a ventilation rate of 30 L/min at BTPS (body temperature, pressure, and saturated vapor). The Japan Industrial Standard (JIS) permits a breathing pressure for an SCSR to be ± 75 mmH 2 O at this same ventilation rate 12) . The orifice sizes therefore provided nearly the same resistance as the limit permitted by the JIS. Table 1 shows the breathing conditions for the tests. The 3% carbon dioxide level was chosen since it is the JIS limit for SCSRs. All tests with each subject were conducted in random sequence on the same day with sufficient rest between tests. A subject performed exercise for more than Table 2 shows the data for every subject in the 4 different breathing conditions. The values for each subject were 1-min averages taken after becoming stable. The effects of increased inhaled carbon dioxide and breathing resistance were statistically evaluated by the Student's t-test. Increased levels of inhaled carbon dioxide significantly affected ventilation rate, end-tidal oxygen and carbon dioxide concentrations, and breathing pressures. The increase in end-tidal carbon dioxide concentration was caused by the increase in inhaled carbon dioxide, and the increases in end-tidal oxygen concentration and pressure level were induced by the increased ventilation rate which was accelerated by the increase in carbon dioxide. The effect of breathing resistance showed its own important characteristics. Breathing resistance tended to decrease breathing frequency and volume, and to increase pressure, but endtidal oxygen and carbon dioxide concentrations changed only with the 3% inhaled carbon dioxide. The resistance decreased end-tidal oxygen concentration and increased end-tidal carbon dioxide significantly. We could not find any significant change in the oxygen uptake or the carbon dioxide output rate caused by the breathing resistance while inhaling either air or the 3% carbon dioxide.
Discussion
The practical purpose of this study was to evaluate the JIS breathing resistance limits for SCSRs. Unlike other physiological stressors such as inhalation temperature or increased inhaled carbon dioxide, the impact of breathing resistance increases with the increase in the breathing flow rate 5, 10, 11) . Although many investigators have studied the effects of breathing resistance on the human body, 4 min on a bicycle ergometer. The workload was 40-50% of the maximum working capacity of each subject determined by heart rate.
Results
Figures 2 and 3 show the ventilation rate and end-tidal carbon dioxide concentration, respectively, of a subject while breathing air with and without orifices. Figs. 4 and 5 show the same parameters while the subject was breathing 3% carbon dioxide. While the subject breathed air, there were no obvious differences in either ventilation rate or end-tidal carbon dioxide with or without orifices, but while breathing 3% carbon dioxide, the higher breathing resistance caused by the orifices reduced ventilation rate and increased end-tidal carbon dioxide during exercise. most of them were qualitative studies and did not provide enough information for considering the appropriateness of the criterion. The breathing resistance provided by the orifices in our measuring system was almost equal to the maximum permitted by the JIS. It was desired to evaluate the physiological appropriateness of this limit.
SCSR is a breathing apparatus that would be used in an emergency possibly at moderate to high work rates. In this study, our test subjects performed at 40-50% of their maximum working capacity which we believe is appropriate because it is nearly the maximum level an ordinary person can sustain for 30 min or so [13] [14] [15] . Increased inhaled carbon dioxide is another typical physiological stressor with SCSRs. The JIS permissible level of inhaled carbon dioxide is 3% 12) . Many previous investigations showed that 3% inhaled carbon dioxide might be the maximum level having no serious physiological effects for a short duration, but such a level stimulates respiration and increases ventilation rate during rest and while working [16] [17] [18] [19] . Since higher ventilation rates result in higher pressures for a given resistance, the effects of a breathing resistance should be evaluated with increased carbon dioxide levels.
The study has revealed that while breathing normal air during exercise, the permitted level of breathing resistance did not have any significant effect on the physiological data except the slight decrease in ventilation rate and frequency, and none of the subjects felt any difficulty in breathing during exercise. However, while breathing 3% carbon dioxide, the resistance significantly reduced ventilation rate and changed the end-tidal oxygen and carbon dioxide concentrations; almost every subject complained of strong distress while exercising. The average pressure level was approximately ± 140 mmH 2 O, probably causing the decrease in ventilation rate and consequently the accumulation of carbon dioxide in the Fig. 2 . Ventilation rate of a subject while breathing air with and without orifices. The subject started exercise at 1 min. Fig. 3 . End-tidal carbon dioxide concentration of the subject while breathing air with and without orifices. body. The distress experienced by the subjects could be caused by either or both the increased pressure and the accumulation of carbon dioxide which could result in serious acidosis. The present JIS limit for breathing resistance for SCSRs, ± 75 mmH 2 O at a ventilation rate of 30 L/min on a lung simulator, is not appropriate when breathing 3% carbon dioxide. High oxygen concentrations, frequently seen in SCSRs, would decrease ventilation rates, but not enough to compensate for the effect of an increase in carbon dioxide 19) , so breathing resistance should be much less than the present limit, maybe ± 60 mmH 2 O or so. Another approach to this problem is to reduce the permissible inhaled carbon dioxide level, which seems to be more appropriate considering the safety of the SCSR. In these tests, a workload of 40-50% of maximum capacity was required of our test subjects; but in an emergency situation there is the possibility that an SCSR user would run as fast as possible and the work intensity would be very high. The JIS limits should be selected with this possibility in mind. The very high work intensity increases carbon dioxide output rate and, if the capacity of carbon dioxide absorption of the SCSR is not enough, the inhaled carbon dioxide will increase to a very high level and it will become impossible to breathe through the SCSR 20) . A lower limit for inhaled carbon dioxide will necessitate increasing the capacity of carbon dioxide absorption of the SCSR. Lowering the JIS limit for breathing resistance may lead to lessening the capacity of the carbon dioxide absorbent due to reducing the amount of absorbent. Less breathing resistance is more desirable, of course, but if one improvement compromises the other, it may be preferable to lower the permitted level of carbon dioxide to maybe 2% or so. Lower levels of inhaled carbon dioxide will result in less of a ventilatory response and concomitant decreased breathing pressure.
